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We tor the tirst time report on the Chl (/ to Chl d conversion in crushed algae， S¥'necho(y山中 PCC6803司 Emilianiahllxlevi， 
Gepln'1 '()C(/j1S(/ υ正氏lIica， Isochn'si可 g(/Ihuno‘ Helladosplwera (日mi/Ci仏 Plellrochrvsis (叫 !Ie/'Ue， Ch/orella I'lIlgaris and 
Ci7lal171'dol17onαs acid，υ'phila， incuhated in aqueous acetone at 303 K for : days， where no Chl (/ ¥as added externally to the 
system， Thc highest conversion 01' Chl u into Chl d was ohser、edin Ci.川白川7ica(ca， L 1"0)， Thc conversion yield was 
10weL when other algae wcre Llsed: S，¥P， PCC6X03 (ca， OA%)， E hnrh'1'i (ca， 0，3'%)、C.¥'lIlgoris (ca 0，2%)，1. galbana (ca 
()， 1'%)， /{ comifera (ca， 0， !'Ir，) /' curleruど(ca.0.06%) and C、 (/cid()l'hila(ca. 0.04"，). The well-known degradation 
reactions ofChl 0， nal1lely， pheoph)1inization (Chl a→ Phe a) and cpimeri7ation (Chl {/→ Chl (/'い¥crealso ohserved. We 
should pay enough attcntion to the lact that Chl d wa5 10t detectcd at al in the initial ulgaeじxUllinedherc. It is intercstl1g 
to 10te that Chl J Chl d'， Chl a' and Phe (/¥ere also dcteじtedin procesed algae lood， Ch!"/'clu powder and dried laver. 1 
15 notcwo門hythat these aJ1ifacts function as key compOl1ents in natural photosynthesis. 
I ntroduction 
In 1943司 Chld (Fig. 1) was first discovercd in 
some species ofred algac (Manning and Strain司 1943)
The molecule structlre was then identi lied to be 
3-desvinyl-3-formyl-Chl a (Holt and Morley‘1959司
Holt 1961)， Sincc Chl d was not fOlIncl in al red 
alεac、 Ch1 d had been hence thoU!.!ht to be an 
oxiclative artifact ofChlα(Fig， 1). 
A Chl d-dominated cyanobacterillm， 
A c(/n '()ch/ori九marim!'was accidentallv discovered in 
1993 (Miyashita ef a/.， 1996‘Ohashi el a/" 200お).
Chl d is expected to be oxidatively biosynthesized 
ti'om Ch 1 (人 whereoxidative cleavage 01' the C~C 
dOllble bond of a vinyl grollp of Chlαat ring 
(-CH二CH2 → CHO) is reqllired， while the 
biosynthetic pathway of Chl d in A. mοrina has Ilot 
yet been claritied， Chlαhas many C=(句 bondsin 
the macrocycle (Fig， 1)， and hencc it is too dilicllt to 
oxidize only the C=C bond in the -CH~CH2 1l10iety at 
rtng L Usuall y司 both a spccial metal complex 
(OS04) and an oxidant (Hぅ106)are needed tor the 
selcctive oxidation (Mironov e( a/川 20(4)，
Rccently， we camc across the tormation 01' C、hl
d fi'om Chl a with papain (EC 3A22，2) in several 
aqueols organic solvents (Kobayashi e( o/.， 2005; 
KoizlIll1i e/ a/、2005、Okadae( a人 2009~ Ohashi ('1 
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al.， 2(10). The Chl (1 to Chl d conversion was not 
observed when Chl a was incllbated with esterases 
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(esterase EC 3. 1. 1. 1. cholesterol esterase EC 3. 1. 1. 13、
phosphatase E仁 3.1.3.2) and other proteascs 
(α-chymotr汗ヲsinEC 3.4.21.1司 slIbtilisincarlsberg EC 
3.4.21.14‘ficin EC 3.4.22.3， bromelain EC 3.4.22.4) 
(KoizlIl1l i ctα1.‘2005: Okada et al.町 2009). 
Quite recently， the sal1le con日 rSlon was 
observed wh巴nChl (/ was incllbated with horseradish 
pcroxidase (Fujita eT 01. 2012). FUl1he仁 wefOllnd 
that Chl 0 was nonenzymalically converted into Chl d 
in acetone/O.3'Yo H20:， (10/1. Ih) (FlIjita el (/1‘2012). 
Thc Chl (/ into Chl J con児 l・sion¥¥as also 
observed when Chl (/ was incllbated ¥ithば、eral
grated vegetables (ltoh el 01.. 20 I ). In particlIlar. 
Japanese radish (root) showcd highcr cOll¥crsion than 
papal1. 
In order to clariJシtheconversion mechanis11ls 
in I'itro and thc birth orChl d innatlre. we inclIbated 
several crushcd microalgae in acetonピ'H:，O(5/1.γ1') 
at 303 K tor 4X h inthe dark， and the Chl (/ into Chl J 
conversion was seen in al crushed al!ae examined. 
even no additional Chl a was added 10 thc svstem. 
Materials and Methods 
fncuhafion o(crushcdυ/gae in aqlle(}l/、u('('TけIlC
Eight species of nlicroalgae‘S¥，I/c('/i()(¥山町、p.
PCC6803‘ Emili(/l7ia huxlel'i. もり1//1・/'()('(/fJ.¥O
似引mica，fmchrysi有golhUl1a. Hel!adosphoeruω1'17げとr(f‘
P/elりchn'sis c(/rtcr({仏 Ch/or(!l!(/ I'/t!、~(//'/可 and
Ch/am¥Yiυmot7山 (/cidophi/a werc son Iじated in 
acetone/water( 5/1， V八・)for 30 s丘1277 K司 andthen 
shaken gently at 303 K in the dark. 
Piどment(//1μh'sis 
Samples ¥¥ere taken periodically and tiltered by 
poly(tetrafluoroethylene) melllbranc ti1ters. Thc 
ti Itrate was in戸ctcdinlo a reversed-phase Scnshllpak 
PEGAS[L-ODS HPLC COl1l11ln (4.6 mm ID x 250 
lllm) cooled to 277 K in an ice-watcr bath. The 
piglllents were ellted isocratically with dcgasscd 
ethanol!methanol/2-propanol/water( 86/13/1/3， 1'/γ/1ゾ¥')
at a flow rate of 0.3 mUmin， and ¥¥crc monitorcd 
with a JASCO Multiwavelength MD-20 15 dctcctor・(入
= 300 -800 nm). 
[n the case of commercially available 
processed algac， Ch/orela powder and dried [aveに
they were grollnd in a glass mortar for 1 min at 277 K 
Pigments were extracted合omthe grollnd llaterials 
by sonication in an acetone!methanol (7/3， v.ル)
mixtllre tor 2 min in the dark at room tellperatlrc. 
The extract was filtered and dried il1 vaCIIO. The 
thus-obtained solid material was immcdiately 
dissolved in 10μL of chloroform、and injccted into 
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a silica HPLC colllmn (YMC-pack SI し 250x 4.6 
mm ID) cooled to 277 K in an ic-watcr bath. The 
pigments wcrc cluted isocratically with dcg.assed 
hexane/2-propanol!methanol (100/0.7/0.25. )'1)'1¥，) at a 
tlow rate of 0.9 mLiIηin. and were Ilonitored with a 
JASCO UV-970 detector (入 =700 nm) and a JASCO 
Multiwavelength MD-915 detcctor (入 =300 -お00
nm) 11 scncs 
Results and Discussion 
('17/ d /)f'odllcどdfinJ)7 ('h/ (/ il7 ('1川 hed01‘t!.O(' 
T11ヲical HPLC traccs 101' crushed algaじ
incubaled in aqueous acctonc at 303 K for 2 days arc 
sho¥¥1 in Fi!. 2. Thc cOI1¥ersiol1 ofChlυil1to Chl d 
、¥asobsじrvcdin al algae examincd here (卜Igs
2A・-H')，ピ¥CI1thollgh no additonal Chl (/ was added 
to Ihc s丸Slcll. The reslIlts indicalc that Chl {/ 
prescl11 origil1aly in thcsc algac ¥¥as dircctly 
con¥ピrtじd10 Chl d by the reactiol1 with something 
present il1 thc alg.ac. We sholld 10【ピ thatChl d ¥¥as 
J10t dctcctcd at al in the initial al立accxamined here 
(卜lさー.2A-Hト
The hi!!hestじonversion01' Chl a into Chl d ¥¥as 
observed in Gυceullicu ((υ1 . 1 0/"，トlg.24へ'). c. 
occul7ico almoslピqllalspapain (m. 2%司 Kobayashi cl
a/. 200.": Koi/lmi eT u/. 200.": Okada el a/.， 2009; 
Ohashi ('{ 01. 2(10) in clliciency. 
Thc con versiol1 vields werc lower in other 
crushcd algae: S. ¥jJ. PCC6お03(m. 0.4'弘司 Fig.2F'ト E
II.¥'/e¥'i (m. 0.3りo.Fig. 28'). C、 I'/I/guris(c工1. 0.2 ~;') 司
Fig. 2G). r ga/ん1/1(/(cu. 0.1 %. Fig. 2("). H (，()li1ijera 
(ι'u. 0.10令.Fig. 2D'). P currel・ae(m. 0.06%.、Fig.2E・)
and C. (/cid，υphi/(/ (m () . ()4'~;'， . Fig. 2H')司 respectively
Phe (/(/l1d Chl (/'prodllced川 正/1・lijacl.¥ol Ch/ a il1 
cr/lshed (/Ig正I
1 our pres巳nt stldy.‘ lamIliar degradation 
rcactions 01'Chlυ. namcly.‘pheophyt川ization(Chl (/ 
• Phe u) and epimcrization (Chl a → Ch 1 a ')， wcrc 
al50 obscr¥cd (Figs. 2A'ート/'). In thc case of (、
I'u/garis and C 正ICi dO/I!? i /μdcgradation products of 
Chl I人 Pheh and Chl h'， were also prodllced. 
a1though the corresponding pcaks arc not seen in Figs 
2G' and H¥bccallse the amOlll1t was very sllal and 
the deteclion wave[ength was 700 nm 
Ch/ d dl:'ll:'c、ledil1 pm('es.I'ed a/gαr 
ln olr present stldies， an organiじ solvent‘
acetone‘ was used‘ blt the natlral world is 10t 
abllndant in acetone. So we next examined the 
presencc ofChl d inCh/ol'ella powdcr and dried laver‘ 
because organic solvents including acetone are not 
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used to makc such commer・ciallyavailable processed 
alga tIJod 
Typical HPLC traces for C17/ore//(/ plmder and 
dried lavcr are shown in卜ig，3， In Ch/什re//apo、vdcl二
a small amount ofChl dand Phe dwas observed (Fig. 
3A)， By contrasし in dried laver aιonsidcrable 
amount of Chl d and Ch I d'were c1early dctected (Fig 
3B)， Pheophytinization of Chl (/ seems to have 
procceded in Ch/υre//a powdcr proじ出品lIlg(トig，3A)
(、hlorophylld司 Chld'， Phe a' and Phe d seen in Fig， 3 
are the arti facts of Chlυproduced through processing 
It is not c1car whether Phe d sccn in Ch/ore//u powder 
had bccn produced from Chl a followcd by 
phcophytinization or directly frol1 Pheυproduccd by 
pheophytinization of Chl a. Anywaド itis wcll 
worth noting that Ch I d‘ Chl d' and Phe d were 
produced frol1 Chl (/ in the absence of acetone， 
mcaning that organic solvents are not nceded to 
convert Chl a into Chl d-type pigl1ents 
The present tindings cxhibit that thc Chlυto 
Chl dじonvers¥OnIS not a rare event 11 naturc司 and
will provide new insight into the unsolvcd question as 
(九)
Phe d Chl d 
亡 ]
Chld' 川
-J JL 
Retention time / min 
Chl a 
???
Phe a 
。
to the birth 01'山1d in photosynthesis. We want 10 
el1phasize that Chl a artitacts‘Phe仏 Chl正1'，Chl d 
and Chl d'， function as key cOl1ponents in natural 
photosynthesis (Fig目 4). (Akiyal1a どfal.， 2001; 
Kobayashi ef (1/司 200ラ;Ohashi ef alべ 2008，20 10). 
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